Introduction
A large variety of hydroxy acids are of great importance both in organic chemical and in metabolic processes, particularly in connection with the degradation of carbohydrates. Silylation combined with gas chromatography is now an established technique for the analysis of these compounds.
The early methods, based on the pioneering work of Sweeley et al. (1), involved silylation after evaporation of water from acidic aqueous solutions. This approach was useful for particular types of acids, e.g., certain aldonic acids, and is still frequently used. However, formation of isomeric lactones, incomplete lactonization, and formation of intermolecular esters may cause multiple GLC peaks and quantitative errors. These disadvantages can be avoided by initial conversion of the acids (including lactones) to anions and subsequent preparation of mixed ester and ether trimethylsilyl (Me3Si) derivatives for GLC analyses (2). This technique permits convenient analysis of virtually all structural classes of hydroxy acids.
Publications, each containing retention data for more than a dozen compounds on several stationary phases, have appeared for aldonic (2,3) and deoxyaldonic (2) acids, aldaric acids (4), and aldonolactones (5,6). All of these report relative retentions in isothermal analysis, as do numerous other publications which give fewer data.
The purpose of the present work is to present more versatile retention data for a comprehensive collection of silylated hydroxy acids. The intention is also to demonstrate how such data can be used to obtain the maximum qualitative information in both isothermal and temperature-programmed work.
Experimental
The investigated acids were either obtained commercially or isolated in work published from this department. The Me,Si derivatives were prepared according to previously described methods (2) . Mass spectrometry was used to confirm the structure of the derivatives.
The retention data were determined on Perkin-Elmer Model 900, 990 and 3920 gas chromatographs with flame ionization detectors. A system with two parallel packed columns was used on P.-E. 3920 for simultaneous temperature-programmed analysis on two stationary phases. The gas stream was split after the injector, and separate detectors, amplifier units, and recorders were used for the two channels.
Experimental details which are closely related to the retention data are given in connection with the tables.
Isothermal Retention Data
Retention index (I) and relative retention (r) on three widely used types of silicone stationary phases are given in Tables  I-IV for the Me 3 Si derivatives of all compounds included in this study.
Investigated Compounds
In selecting compounds, the aim was a comprehensive collection of unsubstituted hydroxy acids related to monosaccharides. Acids containing aldehydo or keto groups were not included because these acids are often reduced or converted to oximes before analysis.
The hydroxy monocarboxylic (aldonic) acids are gathered in Table 1 and the hydroxy dicarboxylic (aldaric) acids in Table  II . Among these acids there is a bias towards oxidative and alkaline degradation products of carbohydrates because of the research interests in this department. The collection of aldonolactones (Table IV) emphasizes 1,4-lactones which are normally the predominant isomers. Furthermore, analysis of aldonic acids as lactones often involves acidic lactonization (5-7) which favours the formation of 1,4-lactones. Lactones of aldaric acids have not gained analytical importance and were not included in this study. The non-carbohydrate acids (Table  III) include primarily compounds having retention data comparable with those of the aldonic and aldaric acids. The alkanedioic and alkenedioic acids occur together with the lower hydroxy dicarboxylic acids in many analytical applications. The esterdimeric acids are formed during lactonization if the corresponding monomeric acids (which are eluted much earlier) are present. mesh ChrcnDsorb G; 3% DC QF-1 on 100/120 mesh Gas Chran Q. Carrier gas: ~ 30 ml/min purified nitrogen.
Relative retention relating to the Me3Si derivative of glucitol (~ 12 min for OV-1; ~ 7 min for OV-17; ~ 15 min for QF-1).
Arranged in order of (1) increasing nimber of skeleton C atoms, (2) increasing number of hydroxyl (including methoxyl) groups and (3) increasing carbon chain length.
Either or both of the erythro and threo isomers. Columns, retention data and ordering of the acids as in Table I .
The systematic name is preferred since the ending "onic" in tartronic ijnplies a monocarboxylic acid in carbohydrate nomenclature.
May be obtained on acid-catalyzed lactonization (cf. Table IV) .
In applying systematic nomenclature to the mono-and dicarboxylic acids, it is necessary to use a borderline between carbohydrate and organic-chemical nomenclature. The best choice was considered to be the use of carbohydrate nomenclature for acids with tnree or more (hydroxyl + carboxyl) groups. Accordingly, this nomenclature is used consistently in Tables I, II and IV whereas organic-chemical nomenclature is  used in Table III .
Stationary Phases
The silicone stationary phases are of increasing importance and predominate in GLC work on Me 3 Si derivatives at present. Because of the non-polar character of these derivatives, the best chromatographic resuus are usually obtained with stationary phases ranging from non-polar to mediumpolar. The non-polar 100% methyl silicones and the welldefined 50% phenyl silicones are stable at high temperatures and have been used particularly extensively. Among the more polar phases, the 50% trifluoropropyl silicones have long been recognized as suited to the analysis of many classes of compounds, including Me,Si derivatives of carbohydrates. The present investigation was confined to these three representative types of silicone stationary phases. Similar and fairly low liquid phase loadings were used (Table I) Colums, retention data and ordering of the acids as in Table I . Retention of the glucitol reference derivative on QF-1: ~ 3 min.
Predominant form after acid-catalyzed lactonization.
Significant proportion of the 1,5-lactone after lactonization.
The L-form is vitamin C (I/-ascorbic acid).
JOURNAL OF CHROMATOGRAPHIC SCIENCE • VOL. 15 JULY 1977* 249 of carbohydrates and fatty acids. The specific retention volume of the non-polar Me 3 Si derivatives should increase for the three silicones in the order trifluoropropyl < phenyl < methyl, i.e., in order of decreasing polarity. This was reflected in shorter retention times on the phenyl silicone column relative to the comparable methyl silicone column, and in the required use of 120°C (instead of 160°C) for the trifluoropropyl silicone. For the lactones, large contributions to the retention on the latter phase are obtained from specific polar interactions between compound and phase. As a result, 160°C was found to be appropriate for all three columns in this particular case (Table IV) .
Presentation and Accuracy
Isothermal retention data for carbohydrate derivatives have been published almost exclusively as relative retentions. Evidently, there has been a reluctance to use the hydrocarbonbased Kovats' retention index, I (8), because of the lack of structural relationships between hydrocarbons and carbohydrates. However, a decisive advantage of the retention index, compared with the relative retention, is its much smaller variation with temperature (8) . Differences between nominal and true column temperature often exist, particularly between different and imprecisely calibrated instruments. In the frequent applications involving comparisons with reference retention data, it is therefore preferable to use the retention index.
In Tables I-IV , both retention index and relative retentions are given. The retention index was calculated relative to the even-numbered fl-alkanes. The Me 3 Si derivative of glucitol was used as the reference in the determination of relative retention. It was normally injected to give a reference retention time both before and after duplicate runs of each derivative. The glucitol derivative was also used as a marker for determination of the retention index. The more laborious method of co-chromatography of each compound with the reference n-alkanes was not applied although it may give somewhat more accurate results.
The reliability in the determination of the last figure of the retention index is low for the early-eluted compounds but in-
Correlations between Structure and Retention Index

Graphical Representation
In studies of correlations between structure and retention in GLC, the advantages of the retention index are accentuated by the fact that changes in logarithmic retention parameters may be regarded as proportional to the corresponding differences in the magnitude of the intermolecular forces between solute and stationary phase. Diagrams with retention indices on two stationary phases along the two axis are often recommended as a means for illustrating relationships between structure and retention and for extracting structural information from retention data of unknowns (9) . The most fruitful results are normally obtained when one non-polar and one more polar stationary phase are used.
The present study makes use of a modified diagrammatic method in which the retention index on the polar phase is replaced by the difference, AI, in retention index between the polar and the non-polar phase. This concept, introduced already by Kovats (8) , represents the magnitude of polar and specific interactions whereas the retention index on the nonpolar phase represents the magnitude of non-polar interactions between compound and stationary phase. Since the integral retention index on the polar phase corresponds to the sum of polar and non-polar interactions, it may be argued that the I versus AI method gives the more direct characterization of a compound. A similar numerical approach has been used by Butts to characterize Me 3 Si derivatives of many types of compounds (10) .
In Figure 1 , I versus AI diagrams are given for acyclic aldonic (Table I ) and aldaric (Table II) for lactones of aidonic acids (Table IV) Tables I-II and all the lactones  in Table IV have been considered. With the aidonic and aldaric acid derivatives, the ester functional groups would be expected to give rise to the largest polar interactions. Accordingly, the aldaric acids (B) having two ester groups are located to the right of the aidonic acids (A) in the diagrammatic representation (Figure 1) . Furthermore, the tricarboxylic acids appear in the region to the right of the aldaric acids, and the neutral alditols (not systematically studied) in the region to the left of the aidonic acids. The lactone group exhibits a more polar character than the silyl ester group, and the lactones (L) appear to the right of the corresponding acids (Figure 2) .
Retention Index Increments
The very basis of the retention index system is the constant increment in the retention index between members of a homologous series. The addition of structural units other than the methylene group may cause similar characteristic retention index increments (11). The tabulated data and the corresponding diagrammatic representations for the investigated compounds were studied with respect to such relationships. It was found that structural units can be defined which correspond to characteristic changes in I as well as AI and which, furthermore, sum up to the complete structures. The approximate magnitude of the observed I and AI increments are given in Table V uration on retention is less prominent than with the rigid and polar lactones.
Non-polar Interactions
The non-polar (dispersion) forces between solute and stationary phase are roughly proportional to the external surface area of the solute molecule. Since the retention index on the methyl silicone reflects the magnitude of these forces, the increments given in the first column of Table V can be interpreted in terms of surface area increments caused by the structural units. A CH 2 group inserted in a carbon chain lengthens the molecule and exerts an effect similar to that in a typical homologous series. In contrast, a CH 2 group added as a methyl group is essentially masked under the large Me 3 Si umbrellas and contributes very little to an increased outer surface. The increments from silyl ether and ester groups are very small in relation to their content of atoms because of their compact sphere-like structure. Similar reasoning can explain more subtle effects of structure which determine the exact retention index. In detailed interpretations, it should be observed that small polar contributions which differ for solutes of varying polarity can be attributed to the rudimentary polar character of the methyl silicone.
Non-polar interactions are also responsible for the major contributions to the retention of the investigated derivatives on the phenyl and trifluoropropyl silicones. This is demonstrated by the low AI/I ratios. However, the AI/I ratio cannot be used as an absolute measure of the magnitude of polar interactions relative to non-polar interactions. This may be ascribed to a difference in the ratio between non-polar forces for solutes in general and for n-alkanes on different phases. The negative rather than positive AI values with the phenyl silicone are illustrative. Compared to the flexible n-alkanes, the bulky Me 3 Si derivatives develop less intimate contact with the phenyl silicone, containing large and planar phenyl groups, than with the methyl silicone. As a result, the dispersion forces contribute less to the retention index for the phenyl than for the methyl silicone, and anomalously low AI values are obtained. A similar effect on individual AI values on one particular phase may be caused by the structure of the solute. A bulky and inflexible structure decreases AI for silicones having large and inflexible substituents such as the phenyl group.
Polar Interactions
The polar contribution to the retention of a compound depends not only on the number and type of functional groups but also on the availability of these groups for short-distance interactions with the phase. The magnitude of dipole interactions decreases extremely rapidly with the distance between the charges. A characteristic feature of the Me 3 Si derivatives is that the polar functional groups are located in the interior of the molecule whereas the outer surface is non-polar because of the abundant silicone-linked methyl groups. A well-known first consequence of this structural feature is the non-polar character of the derivatives. A less often recognized but important consequence is that the polar contribution to the retention is governed by the molecular geometry to a much larger extent than with most other compounds. Significant polar contributions are obtained only if the constitution and configuration of the derivative permit intimate contact between its functional groups and the stationary phase.
The related principles permit an interpretation of the approximate AI (I P h -l M e and 1 F -I lVle ) increments given in Table V for the structural elements of the acyclic aldonic and aldaric acids. The addition of a (C)-CH 2 -(C) group makes the derivative less compact and may increase the availability of the polar ester functional groups, particularly for interaction with the trifluoropropyl silicone. Conversely, a (C)-CH 2 -(H) group makes the derivative more compact and strengthens the nonpolar character of the derivative significantly. The screening effect may be ascribed to the methyl group either directly, as with the 2-C-methyl-substituted acids, or indirectly through steric interactions with OSiMe 3 groups. Similar effects of methyl groups on retention have been observed with alkyl esters of branched, unsubstituted acids (12) . The insertion of a HCOSiMe 3 unit into the structure causes a strongly increased screening of the polar groups. The decrease in AI with increasing molecular weight for compounds belonging to the same structural class (Figures 1-2) is explained mainly by this effect. However, as indicated above, non-polar effects may contribute to the decrease in AI, at least with the phenyl silicone. Polar interactions between the silyl ether group and the stationary phase appear to be almost completely prevented by the Me 3 Si umbrella. With the HCOCH 3 unit, the polar contribution from the methyl ether group roughly compensates for the screening effect on other polar groups. The COOSiMe 3 group would be expected to cause a large increase in AI with regard to the polar character of an ester group. Counteracting effects, similar to those for the HCOSiMe 3 unit, compensate for (phenyl silicone) or reduce (trifluoropropyl silicone) this potential polar effect. The figures given in Table V demonstrate that the reduced availability of the functional groups causes large effects in the polar properties of the Me 3 Si derivatives which would be unpredictable from considerations of the functional groups alone.
Within the structural categories discussed, correlations between constitutional isomerism and AI increments can be found. Thus the effect of branching is similar to the effect of addition of a (C)-CH 2 -(H) group for most of the aldonic and aldaric acids. Among diastereomers, the configurations of the individual derivatives determine the preferred conformations and consequently influence the accessibility of the polar groups. As previously discussed (2), a favoured antiparallel conformation (normally induced by an erythro configuration) of the OSiMe 3 groups linked to the a-and /J-carbon atoms gives rise to the most effective screening of the ester group. Consequently, the lowest AI values are associated with this conformation.
It is emphasized thaf Table V and Figures 1-2 illustrate an average behaviour of the type of derivatives investigated. Several deviations exist, but apparently anomalous behaviour can often be explained by unusual structural features as exemplified by C-methylglyceraric acid and mannaric acid. The low AI values of C-methylglyceraric acid compared with glyceraric acid can be ascribed to a screening effect of the methyl group on both ester groups. Mannaric acid falls into the aldonic acid region because its configuration favours antiparallel conformation of the a-and /3-substituents at both ester groups and renders the structure strongly non-polar. Since Figures 1-2 indicate the position of those structural categories which are best represented, certain exceptional compounds may fall outside the indicated areas in spite of normal behaviour. As an example, 3,4-dideoxyhexonic acid falls into the aldaric acid region because of the two (C)-CH 2 -(C) groups.
With the lactones (Figure 2) , the effects on AI of various groups are qualitatively similar to those observed with the acyclic derivatives. As anticipated, the screening effects tend to be larger because of the high polarity of the lactone group. Quantitative estimations cannot easily be made because of the large influence of configuration. As previously noted (5), striking configurational effects can be related to the positions of the substituents of the lactone ring. Location of these substituents, particularly those at C-2 and C-3, on the same side of the ring increases retention. Obviously, this is explained by the increased accessibility of the lactone group for interaction with the stationary phase.
Qualitative Analytical Information
The qualitative analytical information available from the retention data may be divided into three categories.
The traditional application is the identification of compounds for which reference data are available. Retention index is preferable to relative retention for this purpose, and analysis on two stationary phases permits a much greater certainty than analysis on one phase. The I versus AI diagram indicates the type of alternative compounds which may have similar retention data.
A second type of information can be obtained without access to retention data for the compound of interest. In this case, the increased information provided by analysis on two phases and the use of a diagrammatic representation is almost a prerequisite. The position of the unknown in the I versus AI diagram indicates the type of structure and permits efficient exclusion of structural possibilities. Comparison with the position of known compounds in the same region in terms of I and AI increments may indicate the exact structure.
Thirdly, the approximate retention index data for a given compound can be calculated. One or two known compounds are chosen, the structure of which can be converted to the one Of interest by the addition of structural units with a predictable effect on retention (cf. Table V) . The corresponding I and AI increments (Table V) 
Retention Data in
Temperature-Programmed Analysis
The development of adequate instrumentation and stationary phases has brought about an increased use of temperature programming in gas chromatography. The wider range of compounds which can be covered in each run makes this technique attractive for the analysis of the hydroxy acid derivatives. A crucial problem in changing method is to find a system for retention data, capable of giving as much information as that for isothermal data discussed above.
The MU Concept
The methylene unit (MU) system (13) appears to be the most versatile measure of retention in linear temperature-programmed analysis, and its application to the compounds studied was therefore investigated. The MU system is based on the almost linear relationship between the retention time and the number of methylene units of w-alkanes. This relationship is illustrated in Figure 3 for three columns used for programmed analysis. The MU value of a compound is determined by linear interpolation between the fl-alkanes eluting before and after the compound. Since the I values are obtained by a corresponding logarithmic interpolation, the approximate relationship MU ~ ().()lx| is obtained. Therefore the same type (Table VI) . The low-viscosity OV-101 and SP-2401 phases employed offer good chromatographic results for early-eluted compounds. It is seen that very small differences between MU and 0.01*1 are obtained with the methyl and phenyl silicones, although both phase and support are different for the methyl silicone, and although a completely different capillary (SCOT) column was used for the phenyl silicone. Published (14) MU values for some aldonic acid and aldonolactone derivatives on a wall-coated open tubular (WCOT) column coated with SE-30 also differ very little from the methyl silicone data of Table VI. The larger differences observed with the trifluoropropyl silicones were shown to exist between retention indices on the two columns as well, and consequently they are due primarily to the different packings. The deviations are largest with the most polar derivatives, but their approximate magnitude can be predicted empirically from the tabulated data. Actually, the SP-2401 phase would be expected to differ from the old QF-1 phase, e.g., in molecular uniformity, and a difference is also demonstrated by different McReynolds' numbers. In conclusion, the results demonstrate that the use of the I and MU concepts permits useful interrelation of isothermal and temperature-programmed data for a particular type of phase even if widely different analytical conditions are used.
Influence of Temperature
The retention index of a compound is a function of temperature although it varies far less than the relative retention. This function is of interest when Mil values are used in temperature-programmed analysis because the MU values may be Carrier gas: ~5 ml/min pressure-regulated (13 psig) helium.
Column: 3 m -0.2 cm i.d. Packing: 3% SP-2401 on 100/120 mesh Supelcoport. Carrier gas: ~20 ml/min purified nitrogen.
Determined by linear interpolation between the even-numbered n-alkanes (cf. Figure 3 ) . Tables I-IV. 1,4-Lactones.
Retention indices from
regarded as representing retention index values at varying temperatures. Actually, changes of stationary phase loading, column length, carrier gas flow, and program rate may also be regarded as equivalent to changes in temperature with respect to their influence on MU.
An interpretation of the difference (MU -0.01x1) in terms of the influence of temperature requires a relation between MU and the corresponding "averaged" column temperature. In the present study such a relation is obtained from Figure 3 and from the estimation that the elution temperature is 10-15°h igher than the average temperature. In combination with the difference between the average temperature and the temperature used for determination of the retention index, the basic dependence of the retention index on temperature should determine (MU -0.01x|) for a given column. The change in the retention index with lemperature may often be predicted from the structure of a compound on thermodynamic grounds (9) . Thus, increased branching normally leads to a larger increase (or a smaller decrease) in the retention index with increasing temperature. A striking example is the relation between glyceronic acid and the branched non-polar C-methylglyceronic acid which are eluted at low temperatures. The branched acid exhibits lower (MU -0.01x1) values as predicted, and on the methyl silicones a reversed elution order on programming compared to isothermal analysis at 120° is observed. It is concluded that the influence of temperature is the crucial factor in interpretations and predictions of differences between 0.01*1 and MU and between MU values obtained under different experimental conditions.
A nalylical Applications
Temperature-programmed analysis under standardized conditions (cf. Table VI) is now used in this laboratory for routine analysis of samples containing the types of compounds discussed. Each sample is analysed simultaneously on two parallel columns (methyl + phenyl silicone or methyl + trifluoropropyl silicone). An internal polyol standard is used as a marker in the calculation of MU values. These MU values are used for qualitative analysis as described above for the retention index. Anticipated deviations (MU -0.01x1) are considered when required, particularly with the phenyl and trifluoropropyl silicones. Compared to isothermal analysis, the disadvantage of small deviations from the reference data is more than compensated by the wider range of compounds (including monohydroxy monocarboxylic acids) which can be analysed simultaneously.
An important question in the use of temperature programming is whether isothermal (I) or programmed (MU) reference data are to be preferred. The independence of most experimental conditions except temperature is an argument for isothermal data. On the other hand MU values can be determined with an almost invariable accuracy for a much wider range of compounds. The deviations between MU values obtained under different conditions are also likely to be smaller and more uniform than deviations between I and MU values. Furthermore, MU values are more easily obtained because no change of the conditions used for analytical applications is required. When the reference data are intended primarily for temperature-programmed work, the use of MU values therefore appears preferable.
